The potential for using cellulosic biomass as a source of fuel has renewed interest into how the large cellulose synthase complex deposits cellulose within the woody secondary walls of plants. This complex sits within the plasma membrane where it synthesizes numerous glucan chains which bond together to form the strong cellulose microfibril. The maintenance and guidance of the complex at the plasma membrane and its delivery to sites of secondary wall formation require the involvement of the cytoskeleton. In the present paper, we discuss the dynamics of the complex at the cell cortex and what is known about its assembly and trafficking.
Introduction
The woody secondary walls of plants provide the mechanical stability for upward growth while permitting the plant to withstand considerable external forces that would otherwise lead to lodging and breakage. In mature xylem vessels, the secondary walls provide additional reinforcement that is necessary for resisting the large negative pressures that arise during water transport. Secondary walls consist mostly of cellulose, a polymer of glucose residues linked together by a β1-4 bond where neighbouring residues are rotated 180
• around the axis of the polymer chain. It is the most abundant biopolymer on the planet and is recognized as having the potential to be a renewable source for biofuel production [1, 2] . This application, plus its continual importance to the fibre industry, makes understanding cellulose biosynthesis a priority for a wide range of disciplines.
Compared with other cell wall components that are made within the Golgi apparatus, cellulose appears to be unique in that it is synthesized at the plasma membrane and deposited directly within the cell wall. Formation of the long glucan chains occurs within the CSC (cellulose synthase complex), a large membrane-spanning multiprotein complex that reaches a diameter of approx. 50 nm within its cytoplasmic portion [3] . In the membrane, SEM (scanning electron microscopy) reveals a six-lobed rosette structure of between 25 and 30 nm [4, 5] . It is thought that each lobe generates multiple glucan chains and that the chains from several or all the lobes of the CSC then come together, held by hydrogen-bonding, to form a strong cellulose microfibril ( Figure 1 ). The CSC is itself made up of a family of protein subunits encoded by the CESA genes. In the model plant Arabidopsis thaliana, this family encompasses ten members designated CESA1-CESA10 [6] .
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Three genes, CESA4, CESA7 and CESA8, were identified in a screen for mutants with collapsed xylem vessels and encode the subunits of the CSC that deposits cellulose to the secondary wall [7] [8] [9] [10] . Despite the three proteins possessing very similar motif structures, they are not functionally redundant as disruption of any of three genes results in the failure to form a complex [10] . The remaining CESA members appear to be involved in cellulose deposition at the primary wall and, as for the secondary wall CSC, three different CesA proteins are required for complex formation [11, 12] . The three subunits of the secondary wall CSC were the first to be visualized by fluorescence microscopy. Using antibodies generated against the three subunits, the CSC was observed in the developing vessels of the protoxylem in a pattern of bands and spirals that correspond to the sites of secondary wall deposition [13] . This is consistent with previous studies using freezefracture and SEM that show that the CSCs are abundant in the plasma membrane, but only beneath sites of secondary cell wall deposition [14] [15] [16] . In agreement with biochemical data, disruption of any one of the genes CESA4, CESA7 or CESA8 results in loss of the patterned localization of the CSC, consistent with plasma membrane localization beneath the secondary walls requiring a complete complex [13] .
The role of the cortical microtubules in directing cellulose deposition
Because the growing microfibrils are integral to the cell wall, it has long been presumed that the CSC moves through the plane of the plasma membrane, possibly using the force of polymerization to drive itself forward. For both primary and secondary walls, a correlation between the orientation of the cellulose microfibrils and microtubules has been documented and this led to the suggestion that microtubules influence the direction of CSC movement [17] [18] [19] . For primary walls, however, microtubules do not control the direction of the CSC directly, since disruption of the cortical microtubules does not immediately lead to perturbations in the orientation of newly deposited microfibrils [20] . Beneath the newly forming secondary walls of developing vessels, microtubules form thick bundles that are observed to split into two as the secondary walls thicken [21, 22] . The microtubule bundles demarcate the bands and spiral patterns of cell wall thickenings, with each band representing a closed hoop and each spiral beginning and ending with a hoop [22] (Figure 2 ). Despite the presence of complete hoops, the entire cortical microtubule network is continuous owing to the presence of narrow microtubule bridges [22] . These bridges appear to consist of single microtubules and, unlike for bundles, are not found beneath secondary walls. Using oryzalin treatment and live imaging of a functional YFP (yellow fluorescent protein)-CesA7 fusion together with a xylem-specific CFP (cyan fluorescent protein)-labelled microtubule reporter, we found a tight relationship between the presence of CSCs at the cell surface and the existence of microtubule bundles directly beneath [22] . Unlike the situation for primary walls [23] , CSC localization to the plasma membrane during secondary wall formation completely depends on the presence of underlying microtubule bundles [13, 22] . YFP-CesA7 localizes to hoops and spirals in developing protoxylem vessels in a manner similar to the microtubules ( Figure 3 ). In older developing vessels, the bands of CSCs are seen to split in an identical manner with that of the microtubule bundles, suggesting that the microtubules maintain the CSCs, and therefore cellulose deposition, at the edges of growing secondary wall thickenings ( Figure 2 ) [22] . It should be emphasized that only bundled microtubules maintain the CSCs at the plasma membrane as CSCs have not been observed to be associated with the single microtubule bridges. How the microtubules organize into their elegant patterns is poorly understood. A candidate for bundling is the microtubule-associated protein MAP65-1 which, in Zinnia elegans, is expressed in cell culture during xylem differentiation and in the xylem of intact plants [24] . Overexpression of ZeMAP65-1 in Arabidopsis cell suspension results in uniform bundling at the cell cortex in a spiral pattern around the cell which closely resembles the microtubule configuration seen in the developing vessels [24] . MAP65-1 appears to promote bundling by forming cross-bridges between adjacent microtubules [25] . Despite the advances in the cell biology of the CSC, the precise relationship between the microtubules and the cellulose synthase is still not clear. Historically, two types of models have been put forward. (i) The CSC is tethered physically to the microtubules and movement occurs along tracks coincident with microtubules. This model has also been described as the 'monorail' model. (ii) Alternatively, microtubules act as a physical barrier and the CSC is guided along tracks that are between microtubules, also known as the 'guard-rail' model. Discussions of these and other related models can be found elsewhere [26] [27] [28] . For secondary walls, the presence of bundled microtubules would presumably make a series of neighbouring channels that could contain the CSC. The width of a channel created by a single bundle of two parallel microtubules has been reported for in vitro studies to be 25-30 nm wide, enough to accommodate a single CSC [25] . If these same channels exist beneath secondary walls, they would effectively prevent any sideways movement of the CSC. Additionally, direct attachments between the CSC and the adjoining microtubules could still exist, and a recent study has identified a candidate, called MAP20, that may fulfil this role [29] .
Movement of the CSC at the plasma membrane
Using a citrine-YFP fusion to CesA6, Paredez et al. [23] observed the CSC as faint particles at the surface of hypocotyl The loss of fluorescence is plotted as a decay curve and is translated to average particle velocity using a method described in [32] .
epidermal cells moving at speeds averaging at 330 nm · min −1 . After disrupting or reorganizing the cortical microtubule array within these cells, the particles were observed to continue in linear trajectories, thus providing further evidence to support the conclusions of Sugimoto et al. [20] that microtubule organization has no immediate effect upon cellulose microfibril orientation. It has since been discovered that these cortical particles represent two distinct populations of CSCs: one population within an internal compartment moving close to the plasma membrane and a second population presumably within the plane of the plasma membrane that are the best candidates for functional CSCs making cellulose [30, 31] . For the CSC depositing cellulose at the secondary wall, individual particles labelled with YFP-CesA7 are not resolved (Figure 3a ). This is due to a combination of the high density of CSCs beneath the developing cell wall thickenings and the challenges associated with viewing tissues, such as the vascular tissue, deep inside the plant. To observe movement of YFP-CesA7, we made use of a technique called FLIP (fluorescence loss in photobleaching). By applying a narrow confocal bleach line across a small portion of a hoop of YFP-CesA7, it was observed that fluorescence loss occurred rapidly throughout the remainder of the hoop [32] ( Figure 3b ). This shows that CSCs are constantly moving through the bleach line. Particle speeds have been derived from the loss of fluorescence signal of YFP-CesA7 during FLIP, and CSCs were calculated to be moving at speeds in excess of 7 μm · s −1 [32] . These speeds are much higher than those quoted for the primary wall CSC [23] . Assuming that the equivalent length of cellulose polymer is made, this represents the upper limit for any processive enzyme. We cannot rule out the presence of vesicle-type compartments directly beneath the plasma membrane which may be constantly exchanging particles with the plasma membrane and may affect FLIP measurements; however, there is some evidence to suggest that the bands of CSCs largely consist of plasmamembrane-bounded complexes. For instance, treatment with the herbicide isoxaben has shown particles of the primary wall CSC to be no longer visible at the plasma membrane [23] . The same treatment results in loss of bands of YFP-labelled CSCs in developing xylem vessels [22, 23] . Additionally, treatment with another herbicide and cellulose synthesis inhibitor, DCB (dichlobenil), results in decreased fluorescence decay during FLIP, indicating reduced movement of the CSCs [32] . For primary walls, DCB treatment results in cessation of CSC movement within the plane of the plasma membrane [33] and, interestingly, the target of this drug has been shown to be MAP20 [29] . MAP20 expression appears to be restricted to cells of the xylem and may only serve in guiding CSCs during secondary wall formation [29] . A related protein may modulate primary wall CSC movement; however, as this type of CSCs has been shown to possess a certain degree of motility in the absence of underlying microtubules, it is difficult to understand how DCB could prevent CSC motility by acting through a microtubule-binding protein.
Intracellular compartments containing CSCs move along thick actin cables
For all tissues examined to date, fluorescently labelled CSCs are seen to localize to internal structures with a characteristic doughnut-shaped appearance. This pattern of Golgi labelling can be clearly observed in developing xylem cells (Figure 4) . The 'doughnuts' represent peripheral Golgi distributions and are often observed to have bright punctae [31] . Tracking of individual CSC-containing Golgi within developing xylem vessels found these compartments to move in a unidirectional manner around the cell [22] . Furthermore, Golgi bodies have been observed to pause at sites of secondary wall deposition where they appear to deliver complexes [22] . This movement ceases after treatment of seedlings with lantrunculin B, but not with oryzalin, meaning that Golgi movement is solely actin-dependent. Visualizing actin by immunofluorescence in xylem-differentiating Zinnia cell culture reveals actin to exist between the secondary walls with a marked concentration at the edges of the microtubule bundles [34] . In order to look at the role of actin in Golgi redistribution around the cell, we visualized YFP-CesA7 and a xylem-specific mCherry-actin reporter concurrently. Golgi were observed to move along thick cables consisting of actin bundles arranged along the longitudinal axis of the cell. Furthermore, narrower actin, which may correspond to single actin fibres, can be seen to emerge from the longitudinal cables at regular intervals and within the vicinity of bands of YFP-CesA7 and CFP-labelled microtubules [22] . This narrow actin does not fully co-localize with the bands of CSCs and microtubules and is instead positioned to the sides of each band ( [22] and R. Wightman and S. Turner, unpublished work) and supports further the immunofluorescence data of Kobayashi et al. [34] . This narrow type of actin could act as termination points for Golgi tracking along the thick actin cables and may mark the sites for Golgi bodies to pause and subsequently deliver CSCs to the plasma membrane. Additionally, it may also define the absolute boundary for secondary wall formation, beyond which the microtubule bundles do not form and the CSCs do not cross (see Figure 5 for a model).
Absence of CSCs from the ER (endoplasmic reticulum) suggests a different route to complex assembly
Although CSCs have been observed by electron microscopy to reside in the Golgi, no ER-associated CSCs have been found [16] . The same is true using live-cell imaging methods; YFP-CesA7 is located at the sites of secondary wall synthesis and the Golgi, but no ER labelling is observed. This is not due to an inability of YFP specifically to fluoresce in the ER, since no ER labelling is seen for CFP-, EGFP-(enhanced green fluorescent protein) and wtGFP-(wild-type green fluorescent protein) fusions to CesA7 (R. Wightman and S. Turner, unpublished work). Furthermore, a YFP-fusion to another enzyme involved in secondary wall formation does exhibit ER labelling in addition to the Golgi (D. Brown, R. Wightman and S. Turner, unpublished work). Immunofluorescence of CesA8 along with the ER marker BiP (immunoglobulin heavy-chain-binding protein) was reported previously to result in a partial overlap of signal; however, the low-resolution imaging coupled with the narrow diameter of the cell means that the degree of co-localization could not be determined [13] . Instead, it is likely that the overlapping signal was a result of Golgi that are known to be closely associated with the ER in plants [35] . Co-expression of YFPCesA7 with an mCherry-ER reporter [32] in developing xylem vessels of the stem clearly shows no YFP within the ER (Figure 6 ). This suggests that synthesis occurs via a route that is distinct from the regular ER network, presumably involving a compartment that does not possess the proper physiological conditions for fluorescent proteins to function.
Concluding remarks
Live-cell imaging techniques have greatly helped in our understanding of the spatial distribution of CSCs at the cell surface and the role played by the cytoskeleton to this end. Currently, there are no reports on how or where this large complex is assembled and it is curious that the only intracellular labelling observed in any study of fluorescent protein fusions to the complex are Golgi or post-Golgi compartments. As synthesis of the subunits that make up the complex are expected, like any other polytopic membrane protein, to occur within the rough ER then this compartment should be the focus for other experimental approaches including electron microscopy. Piecing together such a large complex through the precise association of several subunits is likely to require a specialized environment consisting of unique chaperone and complex-facilitating proteins. The identification of the assembly mechanisms will be the important next step in the study of cellulose synthase within the developing xylem vessel.
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